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ABSTRACT 
 The present paper describes the major mechanisms 
underlying the hydroacoustic and hydrodynamic perturbations 
in a rudder operating in the wake of a free running marine 
propeller. The study was based on a holistic approach which 
concerned time resolved visualizations and detailed flow 
measurements around the rudder as well as wall-pressure 
fluctuation measurements over the rudder surface, at different 
deflection angles.  
 
INTRODUCTION 
 The increasingly demanding rules and classification 
standards that must be complied to improve the comfort level 
on-board ships, to mitigate the underwater noise pollution from 
shipping traffic and to reduce the environmental impact of 
pollutant has made paramount the need to fulfill a major 
breakthrough in ship design and operation (Carlton and Vlasic, 
2005; Biot and De Lorenzo, 2008). This represents a shared 
target for shipyards, industries, research centers and 
universities.  
In particular, research is called to propose solutions to the 
twofold task to develop wide-spread and cost-effective tools to 
be integrated in the rapid design spiral of ships, on the one 
hand, and to improve the understanding of the fundamental 
mechanisms underlying the onboard comfort and the acoustic 
signature, on the other hand. In this challenge, the availability 
of increasingly faster and more powerful PCs as well as the 
assessment of advanced experimental and computational 
techniques have allowed to develop experimental and 
theoretical tools by which approaching even of the most 
complex mechanisms governing the hydrodynamic and 
hydroacoustic performance of ships. This has widened the 
horizons of modern research towards complex problems of 
naval engineering and has allowed approaching even the most 
tricky and testing demands from shipyards and navies, 
consequently.  
As representative critical problem of naval engineering with 
significant implications to comfort levels, noise emission and 
performances, the present paper investigates into the major 
hydrodynamic mechanisms which characterize the interaction 
between the wake of a marine propeller and a rudder. As a 
matter of fact, the propeller-rudder interaction represents one of 
the major perturbation sources in a vessel as the consequence of 
the unsteady nature of the propeller wake, the impact and the 
dynamics of the propeller vortical structures with the rudder and 
the onset of unsteady cavitation along the rudder surface.  
The complete understanding of the correlation between these 
phenomena and the rudder performance in terms of efficiency, 
cavitation, radiated noise and induced vibrations has been a 
challenging task and, only recently, light has been shed into the 
major mechanisms governing the perturbation induced from a 
propeller-rudder system. This topic has been the subject of a 
dedicated research program at the Marine Technology Research 
Institute of Italy (CNR-INSEAN) which has been consisted of 
the application of advanced experimental methodologies to a 
reference propeller-rudder configuration. This research activity 
is documented in a number of papers in which focus has been 
given to the dynamics of the propeller wake vortical structures 
in the interaction with the rudder, such as in Felli and Di Felice 
(2004), Felli et al. (2009) and Felli and Falchi (2011) and, 
recently, to the mechanisms influencing the hydrodynamic and 
acoustic pressure fluctuations on the rudder surface in Felli et al 
(2014). 
A review of the results from this research activity is the subject 
of the present paper whose content is organized according to the 
following outline. In § 2, we deal with the description of the 
experimental configuration and the test conditions. The analysis 
of the results is documented in § 3, and specifically: in § 3.1 
major phenomena characterizing the evolution of the propeller 
tip vortices during the interaction with the rudder are described 
through time resolved visualizations and phase locked detailed 
flow measurement techniques, in § 3.2. the fluid dynamic 
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mechanisms affecting the acoustic and hydrodynamic 
perturbations on the rudder are described analyzing the 
topology of the sound and pseudo-sound pressure fluctuations 
over the rudder surface. Conclusions are summarized in § 4.  
 
Fig. 1. Propeller-rudder configuration 
 
Fig. 2. Rudder geometry. 
2. EXPERIMENTAL SET UP AND TEST CONDITIONS 
 Measurements were conducted in the Italian Navy 
Cavitation Tunnel (C.E.I.M.M.). This is a close jet tunnel with a 
2.6 m long by 0.6 m span by 0.6 m deep test section. Perspex 
windows on the four walls enable the optical access in the test 
section. The nozzle contraction ratio is 5.96:1 and the maximum 
water speed is 12 m/s. The highest free stream turbulence 
intensity in the test section is 2%. In the test section, the mean 
velocity uniformity is within 1% for the axial component and 
3% for the vertical component. 
The case study consisted of a propeller-rudder 
arrangement thought to simulate the typical configuration of a 
single-screw ship model. Specifically, the rudder was fixed with 
the plane of symmetry passing through the prolongation of the 
propeller axis and with the leading edge at about r=R from the 
propeller disk plane. A sketch of the experimental configuration 
is given in Fig. 1. 
Rudder geometry was simulated using an all movable 2D wing 
having a rectangular planform with 180 mm chord and 600 mm 
span and standard symmetrical sections with NACA 0020 
profiles (Fig. 2). The choice of a 2D-rudder was to limit 
complex fluid–dynamics features in the tip region that might 
have made results difficult to be understood. Moreover, simple 
geometries are fully adequate to provide CFD code validation 
datasets.  
Two rudder models were manufactured:  
 A perspex model was used for the velocimetry tests 
where it is demanded to minimize light sheet 
reflection. Major details are reported in Felli and 
Falchi (2011). 
 A steel model of the rudder suitably designed to host a 
maximum of 72 pressure taps per side (Fig. 3). Major 
details are reported in Felli et al. (2014). 
 
Fig. 3. Sketch of the instrumented rudder for the wall-pressure 
measurements 
 
The propeller used for current activity was the 
INSEAN E779a model; this is a 227,13 mm model of a  
Wageningen-modified type, four-bladed, fixed-pitch, right-
handed propeller characterized by a nominally constant pitch 
distribution and a very low skew. This choice is motivated by 
knowledge on the fluid-dynamic field based on a large 
experimental hydrodynamic and hydroacoustic available dataset 
(see e.g. Stella et al. 2000; Felli et al. 2006, 2008, 2011b).     
Tests were executed at the free-stream velocity of 5 
m/s and the propeller revolution speed of n=25 rps, at which 
corresponds the advance ratio J of 0.88. Based on the rudder 
chord and the freestream velocity, the nominal Reynolds 
number was around Re=1.36∙106. It should be added that 
velocities induced by the propeller led to an effective Reynolds 
of 1.63∙106 at the leading edge of the rudder. 
The test matrix included: 
 Time resolved visualizations at different values of 
cavitation number and rudder deflection. 
 Velocimetry measurements consisting of: i) S-PIV 
measurements along 3 horizontal-chordwise and 14 
vertical-chordwise sections of the wake, ii) LDV 
measurements along 2 transversal sections of the wake 
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just in front and behind the rudder, each having a grid 
of about 700 points, and all along the rudder surface, 
where a grid with 1200 points thickened in the tip 
vortex region was used. 
 Wall pressure fluctuation measurements along a grid of 
144 positions (72 per side), for 9 deflections of the 
rudder (i.e. from -15° to +15°, 5° spaced). 
For the sake of conciseness just the most representative 
results are reported in the present paper. More detailed 
information about the aforementioned measurements are 
reported in Felli et al. (2009), Felli and Falchi (2011) and 
Felli et al (2014). 
 
3. RESULT ANALYSIS 
 
3.1 Flow field evolution around the propeller-rudder 
system 
Figg. 4 and 5 report the phase locked evolution of the axial 
velocity and the out-of-plane vorticity obtained along some 
reference longitudinal-vertical planes by Stereoscopic PIV 
(SPIV).  
The propeller-induced cross flow makes the distribution of the 
flow field non-symmetrical along the opposite faces of rudder, 
even when the deflection angle is at zero. More specifically, in 
the present case (i.e., rudder with no tip aligned to the propeller 
shaft),  the  distribution of the flow field is skew-symmetric with 
the pressure faces at the port side of the rotation upper region 
and at the starboard side of the rotation lower region.  
In front of the rudder, the propeller slipstream undergoes a 
progressive slow down as it approaches the stagnation point. 
Such a deceleration causes the tip vortices and the blade trailing 
wake to deform progressively, as clearly documented by the iso 
contours of the out of plane vorticity in Fig. 5. In particular, the 
tip vortices deflects outwards due to the effect of the rudder. 
The mechanism by which such a deflection occurs was 
explained in Felli et al (2009) though the model of the image 
vortex. The occurrence of a vorticity sheet with opposite sign to 
the tip vortices, validates such an explanation.  
During the penetration of the tip vortices into the rudder, cross-
diffusion between vorticity in the boundary layer of the 
appendage and that within the vortex (Marshall et al 1996), 
causes vortex lines originating in the tip vortex to reconnect to 
those within the rudder boundary layer.  
It results that the tip vortex is incompletely cut by the rudder: 
the vortex lines wrap about the leading and trailing edges and 
keep linked the tip vortex parts flowing on the opposite sides of 
the appendage. The evidence of such a complex structure is 
given in Fig. 6: the vortex lines wrapping around the leading 
and trailing edges appear organized in two branches that 
develop close to the rudder surface on both the sides of the 
appendage. 
The branch wrapping around the leading edge of the rudder 
stretches more and more as the tip vortex filaments are advected 
forward and breaks after the tip vortex leaving the trailing edge. 
The signature of such a progressive stretching is clearly 
documented in the planes at y/R=0.09 and y/R=0.18 of Fig. 5. 
 
 
 
Fig. 4 Phase locked PIV measurements along the longitudinal-
vertical planes at y/R=0, 0.45, 0.09, 0.18: axial velocity. 
 
 
Fig. 5: Phase locked PIV measurements along the longitudinal-
vertical planes at y/R=0, 0.45, 0.09, 0.18:  out of plane vorticity. 
 
On the other side, the vortex lines wrapping around the trailing 
edge keep reconnecting the tip vortex parts flowing on the face 
and back surfaces of the appendage downstream of the rudder, 
and finally restore the tip vortex (Fig. 7). 
The interaction with the rudder causes a spanwise displacement 
of the tip vortices that increases more and more chordwise. The 
rate of such a spanwise displacement is particularly marked for 
the filaments moving along the suction sides of the rudder. 
Instead, on the pressure side, the traces of the tip vortex 
describe a nearly horizontal trajectory.  
The features of such a spanwise misalignment are the result of 
the combined effect of the spanwise gradient of the pressure 
distribution and the image vortex, according to what 
documented in Fig. 8. 
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Fig. 7: Tip vortex destabilization while penetrating the rudder: 
note the cavitating branches that develop close to the rudder 
surface. Snapshots are here spaced 0.0075 sec. 
 
 
 
 
Fig. 8: Visualization of the tip-vortex re-joining mechanism 
(courtesy of Felli et al (2009)). 
 
More specifically: 
i) In both the rotation upper and lower regions, the larger 
dynamic pressure in the propeller wake makes the 
distribution of the pressure field increasing outwards 
moving spanwise from the radial position where propeller 
develops maximum thrust (i.e., r=0.7R) (see picture at top-
right of Fig. 8 which shows the distribution of the total 
pressure on the rudder surface). Therefore, the 
corresponding spanwise gradient of the pressure field is 
inward oriented locally, as represented by the yellow arrow 
in Fig. 8. 
ii) The effect of the image vortex is such to displace upward 
(downward) the tip vortices in the port side (starboard side) 
of the rudder when the propeller is rotating clockwise, as 
explained in Felli et al (2006).  
According to what observed in i) and ii), the convective motion 
induced by the image vortex occurs with a favorable (adverse) 
pressure gradient in the suction (pressure) side of the rudder, 
and, thus, results in a larger (smaller) displacement. It follows 
that such a different trend results in a continuously larger 
spanwise deviation between corresponding tip vortex filaments 
which attains its maximum at the trailing edge of the rudder.  
From about mid-chord of the rudder, the tip vortex branches 
wrapping around the trailing edge start to describe a spiral 
geometry whose radius becomes bigger and bigger streamwise. 
The spiral appears rolling up in the opposite direction to the 
filament rotation and, specifically: clockwise 
(counterclockwise) for the filament on the pressure (suction) 
side of the rudder.  
 
Fig. 9: Explanation of the different spanwise displacement of the 
pressure and suction side filaments: effect of the image vortex 
(top-left), pressure distribution along the rudder surface (top-
right), effect of the image vortex and the pressure gradient on the 
trajectories of the pressure and suction side filaments (bottom).   
 
The signature of the aforesaid roll up is also captured in the 
contour plots of the out of plane vorticity, as clearly 
documented in the planes at y/R=0.09 and y/R=0.18 of Fig. 5. 
Here, the spiraling geometry of the vortex filament is resolved 
as a vorticity core (clockwise rotating in the pressure side) 
surrounded by a counter-rotating vorticity sheet which suddenly 
appear at about the mid-chord region of the rudder: the former 
is induced by the roll up of the spiral, the latter concerns the 
vorticity of the vortex filament.  
The distribution of the vorticity fluctuations measured by 
SPIV is documented in Fig. 9. Fig. 10 shows the distribution of 
the turbulent kinetic energy as measured by LDV along the 
transversal plane just behind the rudder. More specifically, the 
following considerations are worth being outlined from the 
analysis of Figg. 9 and 10: 
- Vorticity fluctuations are correspondently maximum to the 
traces of the propeller structures (i.e., tip and hub vortices, 
blade wake trailing vorticity) and all along the trailing 
wake of the rudder.  
- Vorticity fluctuations in the trailing wake of the rudder are 
very strong just behind the trailing edge of the appendage 
and, then, they reduce rapidly streamwise. In addition, the 
Suction side filament 
Re-connecting filament 
pressure side 
filament 
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streamwise decay of the vorticity fluctuations occurs with 
a smaller and smaller extent of the turbulent trace of the 
trailing wake vorticity, both along the streamwise and the 
transversal directions: this seems to suggest that viscous 
dissipation has a prevalence over turbulent diffusion effect 
in the boundary layer eddies of the rudder.  
- The marked turbulent nature of the tip vortex re-joining 
mechanism is clearly documented in contour plots at 
y/R=0.45 and y/R=0.9 of Fig. 9. The traces of the re-
joining face and back filaments of the tip vortex are 
clearly recognizable in the rotation lower side, whereas no 
evidence of the re-joining process is noticed on the 
rotation upper side. This different behavior is given 
considering that the re-joining process does not occur 
along the symmetry plane of the rudder but it is shifted 
towards the direction along which the tip vortex moves.  
The levels of turbulence in the hub vortex are not 
homogeneously distributed transversally and show maximum 
values on the starboard side region, as shown in Fig. 10.   
 
Fig. 9. Phase locked PIV measurements along the longitudinal-
vertical planes at y/R=0, 0.45, 0.09, 0.18:  out of plane vorticity 
fluctuations. 
 
   
 
Fig. 10 Phase locked LDV measurements along the transversal 
planes just behind the rudder: turbulent kinetic energy at =0°, 
=30° and =60°. 
3.2 Hydrodynamic and acoustic pressure fluctuations 
over the rudder surface 
One of the main problems related to the near field 
pressure measurements is that only a small part of the energy 
associated with pressure fluctuations radiates as sound. The 
other pressure fluctuations does not satisfy the linear wave 
equation and, then, cannot be regarded as sound. This 
contribution, named in literature as pseudo-sound (see Howe, 
1960; Ribner, 1964 and Ffowcs Williams, 1992), is associated 
to the passage of eddy structures in the flow and, thus, it moves 
with a speed that is much smaller than the sonic velocity, at 
least for the low Mach numbers. The acoustic and 
hydrodynamic contributions to pressure fluctuations are 
normally buried by each other when pressure measurements are 
undertaken in the near field where the flow field is typically 
dominated by the passage of turbulent structures.  It is worth 
noting that this problem concerns only the near field because 
the passage of eddy structures is therein localized: moving away 
from a noise source the hydrodynamic contribution disappears 
and pressure field reduces only to sound (Howe, 1960).  
Therefore, the main problem related to near field pressure 
measurements is in the difficulty to separate out the acoustic 
from the hydrodynamic part of the pressure fluctuations (Tinney 
et al., 2007). In the present study, this problem was overcome 
through the use of a proper filtering procedure, based upon the 
use of the wavelet transform. A thorough description of this 
methodology is documented in Felli et al. (2014). 
Fig. 11 shows the power spectral density of the acoustic and 
hydrodynamic pressure fluctuations in some representative 
positions on the rudder surface.  The corresponding phase 
locked topologies based on pressure fluctuation signals are 
reported on the top-right hand side of each figure, in a contour 
plot.  
The analysed positions, suitably selected according to the local 
maxima of the pressure fluctuation signals and hereinafter 
identified as “zone 1”, “zone 2” and “zone 3”, are located in 
correspondence of top (i.e. 0.85<z/R<1.1), mid (i.e. 
0.4<z/R<0.8) and bottom (i.e. 0<z/R<0.3) regions of the 
propeller rotation upper part of the rudder.  
Pressure spectra on rudder surface exhibit a broadband 
component and a series of harmonically related tonal peaks, 
mostly at multiples of the blade passing frequency (BPF) and 
more or less acute depending on both the position and the 
perturbation type (i.e. acoustic or hydrodynamic).  
More specifically, the following results can be drawn by the 
analysis of Fig. 11: 
 The hydrodynamic and acoustic spectra show different 
trends and intensities in the broadband component. In 
particular, hydrodynamic spectra have an on-average 
constant intensity in the low frequency range (i.e. f/BPF<1 
in zones 1 and 3 and f/BPF<0.25 in zone 2) and, then, decay 
about monotonically conforming with the -11/3 power law. 
On the contrary, trends of the acoustic counterparts change 
dependently on the spanwise position along the rudder, at 
least for the frequency band f/BPF<8.  
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Specifically, broadband spectra for zone 1 decay with a 
minimum at the blade passing frequency, increase slightly in 
the frequency band BPF<f/BPF<6 and, then, decay 
definitely with a -15/3 power low. In zone 2, it keeps 
constant on average and, then, decays with a -15/3 power 
low.  Finally, zone 3 presents an on-average constant trend 
in the frequency band 1<f/BPF<6, followed by an increase 
and a rapid decay of the broadband spectrum which returns 
a hump with the maximum at about f/BPF=8.  
 The broadband part of the hydrodynamic perturbation 
dominates the low frequency bands where it is about 25-30 
dB re 1μPa2/Hz larger than the acoustic counterpart. The 
opposite behavior is observed in the mid-frequency range 
(i.e. 0.2<f/BPF<2), instead. Frequencies at which the power 
spectra of the acoustic and hydrodynamic signals intersect to 
each other correspond to about f/BPF=8-9 in zones 1 and 3, 
and f/BPF=2.5 and 5 in the port and starboard sides of zone 
2.  
 The overall broadband spectra of the hydrodynamic signals 
in the starboard and portside of zones 3 are about 5 and 12 
dB re 1μPa2/Hz larger than elsewhere. This behavior is 
likely to be the consequence of the local turbulence content 
in the hub vortex region which is much larger compared to 
those in the propeller tip vortex and in mid-blade span 
regions of the rudder (Felli and Falchi, 2011).       
 Tonal peaks of acoustic and hydrodynamic spectra are 
mostly related to harmonics and sub-harmonics of the blade 
passing frequency. In particular, the peak at the blade 
harmonic is the fundamental frequency of the hydrodynamic 
spectrum in zones 1 and 2 and of the acoustic counterpart in 
zone 3. This peak reduces significantly or disappears 
elsewhere (i.e. zone 3 and zones 1 and 2 in the sound and 
pseudo-sound spectra, respectively), where other harmonics 
dominate the spectrum. These results, confirmed by the 
contour plot representation in Fig. 12, are clearly indicative 
of distinct mechanisms behind the acoustic and 
hydrodynamic perturbation in a propeller-rudder system. 
We will delve into this point hereinafter. 
The relative intensity of the tonal and broadband contributions 
shows a clear dependency on either frequency, perturbation type 
(i.e. acoustic and hydrodynamic) and position (i.e. zone 1, zone 
2 and zone 3). In particular, tonal noise peaks emerge from the 
acoustic spectra of about 10 dB re 1μPa2/Hz at most in zones 1 
and 2 and disappear in zone 3, where signals present a totally 
broadband energy distribution. On the contrary, much more 
prominent are tonal peaks in the power spectra of the 
hydrodynamic signals, especially in zone 1 and 3. Moreover, 
unlike the hydrodynamic spectra which present a quite rich 
harmonic content, tonal noise peaks of the acoustic perturbation 
concern only few harmonics and inter-harmonics of the blade 
passage frequency. From this result it is possible to conclude 
that the overall hydrodynamic perturbation on the rudder is 
mainly due to periodic events correlated to the dynamics of the 
propeller tip and hub vortices. On the other hand, the relatively 
stronger broadband contribution in the acoustic spectra suggests 
that random events such as those related to turbulence ingestion 
from the propeller wake, have a relevant influence on the 
 
 
Fig. 11. Power spectral density of the acoustic and hydrodynamic 
sound pressure fluctuations in some representative positions on the 
rudder surface (main frame). Phase locked topologies of the wall 
pressure distribution on the rudder surface (frame at the top-right 
hand side). 
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overall signature. This result is supported by the numerous 
studies dealing with the effect of turbulent ingestion on the 
broadband noise (see e.g. Paterson et al, 1976). 
For the sake of better identifying major tonal perturbation 
sources, pressure fluctuation signals were harmonically 
decomposed and then reconstructed considering only the most 
energetic harmonics. Finally, the reconstructed signals were 
phase locked and interpolated over the measurement domain. 
 
 
 
Fig. 12. Correlation between the sound and pseudo-sound 
components of the wall pressure signal (contour plot) and the 
vorticity field measured along the rudder surface (white lines). 
Pictures refers to a phase locked snapshot of the shaft (top) and 
blade harmonics (bottom). (Courtesy of Felli et al (2014). 
 
The reconstructed acoustic and hydrodynamic signals for the 
rudder at 0 deg deflection are described in Fig. 12. The 
corresponding signature of the out of plane vorticity is 
represented by superimposed white lines.  
Contour plots refer to the rudder starboard and portside upper 
regions relative to the propeller axis. However, in view of both 
the on-average axisymmetric flow distribution of the propeller 
wake and the rudder position, all the considerations made for a 
given deflection angle can be extended to the corresponding 
mirrored regions on lower part of the rudder for the opposite 
deflection. 
The sound and pseudo-sound contributions exhibit different 
topologies which are evidently indicative of distinct 
mechanisms behind the acoustic and hydrodynamic perturbation 
in a propeller-rudder system. The occurrence of the largest 
hydrodynamic pressure fluctuations in correspondence of the 
propeller tip and hub vortices confirms the results of Fig. 11 
about their dominant contribution to both rudder vibrations and 
structural stresses. On the contrary, there is no evidence of a 
significant acoustic perturbation associated to the passage of the 
propeller structures. 
Local maxima of the acoustic pressure fluctuations are localized 
in the rudder region between the hub and the tip vortices (i.e. 
zone 2), where hydrodynamic loads are maxima, and in 
correspondence of the boundary of the propeller streamtube 
(i.e. top of zone 1). It follows that the primary sources of tone 
noise in a propeller-rudder system are basically correlated to the 
hydrodynamic load unsteadiness induced by propeller flow and 
to the fluctuations of the propeller streamtube during the 
interaction with the rudder. The latter phenomenon clarifies that 
the occurrence of tonal peaks in the acoustic spectra of zone 1 
(Fig. 11) is not ascribable to tip vortex perturbations.  
 
 
 
Fig. 13. Phase locked snapshot of the sound (bottom) and psedo-
sound (top) pressure fluctuations at different rudder deflections: 
blade harmonic contribution. (Courtesy of Felli et al (2014). 
 
Fig. 13 describes the effect of rudder deflection on topologies 
and intensities of the sound and pseudo-sound associated 
pressure fluctuations. In particular, plots show the portside face 
upper region of the rudder which corresponds to the pressure 
side for ≤0 (i.e. propeller has a clockwise rotation and, thus, it 
is such to put in pressure the portside face upper region. This 
effect is increased/reduced for negative/positive deflections of 
the rudder). 
The intensities of pressure fluctuations associated with sound 
are larger on the high-pressure face of the rudder and gain when 
the hydrodynamic load increases. As a matter of fact, maximum 
fluctuation peaks of the acoustic pressure correspond to the 
rudder region with the largest hydrodynamic loads (i.e. region 
around 0.7R above the propeller axis) and increase with the 
deflection angle, at least below the stall condition. 
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At large deflection angles, when rudder is approaching the stall 
condition (i.e. =-15° in the starboard face and  =20° in the 
starboard face), an appreciable increase of the acoustic energy 
is observed in the leading edge region of the measurement 
domain. Correspondently, hydrodynamic signals undergoes an 
abrupt reduction of tip vortex perturbation.    
 
4. CONCLUSIONS 
 The present paper deals with the problem of the propeller-
rudder interaction and focuses on the analysis of the evolution 
mechanisms of the propeller vortical structures under the 
interference of the rudder. 
The study concerned a wide experimental activity in which 
detailed flow measurements, rudder-surface-pressure 
measurements and time resolved visualizations were used to 
investigate the flow field around a propeller-rudder 
configuration operating in open water.  
Collected data allowed describing major flow features that 
distinguish the interaction of the propeller tip and hub vortices 
with the rudder, with special emphasis to the unsteady-flow 
aspects. Specifically: 
- The propeller tip vortices undergoes a progressive 
deformation and a spanwise outwards displacement when 
approaching the leading edge of the rudder.  During the 
interaction with the rudder the tip vortex splits in two 
branches which flow on the opposite sides of the 
appendage, kept linked by vortex lines embedded in the 
boundary.  
- A different rate of the spanwise displacement is observed 
in the tip vortex filaments running on the pressure and 
suction sides of the rudder. This difference is the 
consequence of the convective motion induced by the 
image vortex that occurs with a favorable (adverse) 
pressure gradient in the suction (pressure) side of the 
rudder. 
- Downstream of the rudder the vortex lines wrapping 
around the trailing edge make reconnecting the tip vortex 
parts flowing on the face and back surfaces of the 
appendage, restoring the tip vortex. 
Spectral content and topologies of the acoustic (sound) and 
hydrodynamic (pseudo-sound) related pressure fluctuations 
were characterized at different deflections angles, emphasizing 
the fundamental phenomena that govern the acoustic and 
hydrodynamic perturbation on the rudder. In particular, the 
study highlighted distinct mechanisms underlying the acoustic 
and hydrodynamic pressure fluctuations on the rudder. On the 
one hand, structural stresses and induced vibrations on the 
rudder are mainly influenced by the perturbation of the 
propeller tip and hub vortices, whose contributions dominate 
the hydrodynamic part of pressure fluctuations. On the other 
hand, the acoustic field is basically generated by both 
deterministic and random variations in rudder loading and shear 
layer fluctuations of the propeller streamtube. Instead, 
differently from the hydrodynamic perturbation, tip and hub 
vortex passage does not cause any appreciable effect to acoustic 
field. 
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